Abstract. In the present study, we designed and conducted a series of assays to determine the expression of voltage-gated sodium channel (VGSC) neonatal isoform Nav1.5 (nNav1.5) in human brain astrocytoma and its effect on the proliferation, migration, invasion and apoptosis of astrocytoma U251 cells. The results showed that nNav1.5 mRNA and protein were expressed in both human brain astrocytoma and normal brain tissues, but their expression levels in astrocytoma were significantly higher (P<0.05). In astrocytomas, nNav1.5 mRNA and protein levels were also different (P<0.05) and were correlated with pathological grades. The immunofluorescence confocal microscopy observations demonstrated that nNav1.5 protein was expressed in the nucleus, cytoplasm and membrane of the astrocytoma cells. After transfection, the small interfering RNA (siRNA) targeted to nNav1.5 significantly reduced the expression levels of SCN5A/nNav1.5 mRNA and protein by 57.2% (P<0.05) and 66.6% (P<0.05), respectively. The MTT, wound healing, Matrigel invasion and flow cytometric assays confirmed that following siRNA downregulation of the expression of the SCN5A/nNav1.5 gene, the in vitro proliferation and in vitro invasiveness of the U251 cells were significantly reduced (P<0.05 for both comparisons), and the apoptosis rate was significantly increased (P<0.05). These results revealed that nNav1.5 expression in human brain astrocytoma was upregulated, and its expression was positively correlated with the degree of malignancy. Additionally, reduced nNav1.5 expression significantly suppressed the proliferation and invasiveness of astrocytoma cells, indicating a new target in the molecular diagnosis and therapy of astrocytoma.
Introduction
Malignant astrocytoma is one of the most common primary tumors of the central nervous system (CNS), accounting for ~40-60% of intracranial tumors (1) , and patients exhibit poor prognosis and an extremely short median survival time, which are mainly related to the biological characteristics of abnormal proliferation and invasive growth of astrocytoma cells. Previous studies have shown that various types of Na + channels are widely distributed on the astrocytoma cell membrane (2) . These channels play important roles in stabilizing the membrane potential, intracellular Na + balance, and Na + /K + ATPase activity of astrocytoma cells as well as participating in the processes of cell cycle regulation and apoptosis, which directly and indirectly affect cell proliferation and metastasis in astrocytomas. Thus, Na + channels are expected to become a new target for gene therapy for astrocytoma (3) (4) (5) (6) . Our previous studies found that a new neonatal isoform of the Nav1.5 Na + channel, neonatal Nav1.5 (nNav1.5), was functionally expressed in human brain neuroblastoma NB-1 cells (7) (8) (9) . This neonatal isoform is considered to be the re-expression of an embryonic gene or oncogene, and its expression is intimately related to the occurrence and development of tumors, which has been confirmed in lymphoma and breast cancer (10) (11) (12) . To date, no study concerning the specific expression of nNav1.5 in human brain astrocytoma and its effect on the processes of tumor cell proliferation and invasion has been reported.
The present study investigated the expression of nNav1.5 in human brain astrocytoma in detail to localize nNav1.5 protein expression in astrocytoma cells for the first time. RNA interference (RNAi) technology was applied to transfect a small interfering RNA (siRNA) against nNav1.5 into U251 cells, and its effects on cell proliferation, metastasis, invasion, and apoptosis were observed to explore the relationship between expression of the voltage-gated sodium channel (VGSC) α subtype nNav1.5 in astrocytoma cells and the biological behavior of the tumor cells, thereby providing new ideas and methods for molecular and gene therapies for astrocytoma. Real-time quantitative RT-PCR. Total RNA was extracted from the tissues using the RNAiso Plus kit (Takara, Otsu, Shiga, Japan), and the RNA was reversely transcribed into cDNA according to the manufacturer's instructions (Takara). Gene-specific primers were designed and synthesized by Takara Inc. (Dalian, China), and the sequences are listed in Table I . Real-time RT-PCR was performed on an ABI PRISM 7000 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using the SYBR Premix Ex Taq™ kit (Takara, Japan). The reaction conditions consisted of 95˚C for 5 min followed by 40 cycles of 95˚C for 1 min, 58˚C for 1 min and 72˚C for 1 min. For each analysis, results were calculated using the 2 -ΔΔCt method and normalized by the expression of β-actin. Reactions were performed in triplicate for each sample.
Expression of neonatal Nav1.5 in human brain astrocytoma and its effect on proliferation, invasion and apoptosis of astrocytoma cells
Immunohistochemistry. All tissue specimens were fixed with 4% paraformaldehyde to prepare the paraffin-embedded specimens in 4-µm sections. Immunohistochemistry was performed according to the manufacturer's instructions for the Histostain-SP kit (Invitrogen). Rabbit anti-human polyclonal Nav1.5 antibody (1:250; Abcam) and biotinylated goat antirabbit IgG were used as the primary and secondary antibody, respectively. After counterstaining with 3,3'-diaminobenzidine (DAB), the sections were inspected under an optical microscope (BX40; Olympus Co.). For the control sections, the primary antibody was replaced by phosphate-buffered saline (PBS).
Western blot assay.
Approximately 100 mg of tissue was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/PAGE) and western blot analysis, as described in a previous study (13) . After the protein concentration was determined using the BCA protein assay kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions, 50 µg of protein was resolved by SDS-PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes (Roche, Indianapolis, IN, USA) by electroblotting, probed with specific primary antibodies, followed by secondary antibody conjugation and analyzed. The primary antibody was rabbit anti-human Nav1.5 polyclonal antibody (1:500; Abcam) and was detected using horseradish peroxidase-labeled goat anti- Table I . Primers used for real-time RT-PCR.
Gene
Primer sequences Product size (bp)
nNav1.5, neonatal Nav1.5.
rabbit secondary antibody (1:10,000; Santa Cruz, Santa Cruz, CA, USA). Immunoreactive protein bands were detected with an enhanced chemiluminescence reagent (ECL-Plus) and densitometrically quantitated according to the manufacturer's instructions (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Design and transfection of siRNA. The siRNA and siRNA-NC primers were designed and synthesized by Sigma-Aldrich Trading Co., Ltd. (Shanghai, China); sequences are presented in Table II . Well-growing U251 cells in the logarithmic growth phase were seeded at a density of 1x10 6 cells/well in 6-well plates (Corning) and cultured for 12 h. The following groups were established for the experiment: the blank group (without any treatment), the control group (transfected with siRNA-NC), the siRNA-1 group (transfected with siRNA-1), the siRNA-2 group (transfected with siRNA-2) and the siRNA-3 group (transfected with siRNA-3). Transfection was carried out according to the instructions for the Lipofectamine™ 2000 reagent (Invitrogen) as previously described (14) .
mRNA and protein determination following cell transfection. Transfection was followed by real-time quantitative RT-PCR and western blot assay to detect the nNav1.5 expression in the cells after 24 and 48 h, respectively. The detailed procedures were the same as mentioned in the 'Real-time quantitative RT-PCR' and 'Western blot assay' sections.
MTT proliferation assay. After adjusting the cell density to 3x10 4 /ml, well-growing U251 cells in the logarithmic growth phase were seeded onto a 96-well plate (Corning) at 100 µl/well. Eight duplicate wells were established for each group. The cells were placed in a 37˚C, 5% CO 2 , saturated humidity incubator for conventional culture, and the transfection with medium change was carried out after 24 h. The experimental groups were as follows: the blank group (without any treatment), the control group (transfected with siRNA-NC) and the siRNA group (transfected with siRNA-1). The transfection procedure was the same as above, and the cells continued to be routinely cultured after transfection. The assay was performed at 0, 24, 48, 72 and 96 h. For the assay, 10 µl of CCK-8 reagent (Dojindo Molecular Technologies, Kumamoto, Japan) was added to each well, vortexed to mix and incubated at 37˚C for 1 h. The absorbance (OD) value at 450 nm for each well was measured with a microplate reader (Bio-Rad, Hercules, CA, USA). With time on the x-axis and the OD value on the y-axis, the growth curve was plotted for each group of cells and the inhibition rate of cell proliferation was calculated.
Wound healing assay. U251 cells before and after transfection were subjected to a wound healing assay. Cells in the logarithmic growth phase were seeded onto 6-well plates (Corning) at a density of 1x10 6 /well. After culture for 24 h, the medium was aspirated and discarded. A scratch in the shape of a straight line was created along the bottom of the well with a 10-µl pipette tip. The unattached cells were washed away with PBS, and the image was photographed for data recording. Ten evenly spaced points were selected at the edges of the scratch on each side, and the midline represented the edge of the scratch. The interval between the scratched cells was measured and recorded under an inverted microscope with a ruler (0 h). Changes after the 24-h interval were recorded. The cell metastasis distance was calculated by subtracting the 24-h interval from the 0-h interval.
Matrigel invasion assay. The Transwell chamber invasion assay kit (Corning) was used to detect changes in the cell invasiveness 24 h after transfection with the same experimental groups as in the proliferation assays. In short, Transwell inserts with an 8-µm pore size were coated with Matrigel (BD Biosciences, San Jose, CA, USA). The upper wells contained serum-free DMEM, and DMEM with 15% FBS was used as an attractant for the lower wells. Six hours after transfection, the U251 cells were harvested and trypsinized into singlecell suspensions. The cell density was adjusted to 1x10 6 /ml, and 100 µl of cells were seeded into each upper chamber. After 24 h of incubation, the non-invading cells in the upper chambers were gently wiped away, and the adherent cells on the lower side of each membrane were fixed and stained with trypan blue solution. Ten fields were randomly selected and counted under a microscope. Quantification of invasion was performed by counting the stained cells through the coated membranes. The cell invasion index percentage was calculated by dividing the number of cells in the lower chamber by the number of cells seeded in the upper chamber and then multiplying by 100%.
Flow cytometric assay. Annexin V-FITC/PI (Annexin V-FITC/ PI kit; BD, San Diego, CA, USA) double staining was applied to detect apoptosis. U251 cells in the logarithmic growth phase were selected for the assay with the same experimental groupings as in the proliferation assay. Seventy-two hours after transfection, the cells from each sample were trypsinized and 1x10 4 Statistical analysis. Data were analyzed using one-way ANOVA followed by the Student's t-test using SPSS 18.0 statis- Table II . Primers of SCN5A/nNav1.5 siRNA.
Primer sequences
nNav1.5, neonatal Nav1.5; siRNA, small interfering RNA.
tical software (SPSS, Inc., Chicago, IL, USA). Comparisons were made between appropriate groups, and differences were considered statistically significant at the level of P<0.05. Results are expressed as means ± standard deviation.
Results

Expression of nNav1.5 in astrocytoma.
Real-time quantitative RT-PCR confirmed nNav1.5 mRNA expression both in the astrocytoma and normal brain tissues. As shown in Fig. 1A , the relative levels of nNav1.5 mRNA in the low-grade group and high-grade group were 0.875±0.219 and 1.327±0.303, respectively, while that in the normal brain group was merely 0.509±0.131. The immunohistochemistry and western blot analyses also confirmed nNav1.5 protein expression in both normal brain tissues and astrocytomas, while its expression in tumor tissues was significantly higher, with an increasing trend correlated with increasing pathological grade (Fig. 1B and D) . The protein and mRNA expression levels were consistent. The nNav1.5 positive expression rates were determined by estimation of the number of nNav1.5-positive cells in the tissue specimens. The results of the immunohistochemistry showed that nNav1.5 protein was expressed mainly in the nucleus, with only a small amount of expression in the cytoplasm and cell membrane (Fig. 1C) . The positive expression rates in normal brain tissues, low-grade astrocytomas, and highgrade astrocytomas were 23.0±3.4, 52.9±3.9 and 85.8±4.3%, respectively, with statistically significant differences among the 3 groups (Fig. 1B) . Western blotting showed that the relative expression levels of nNav1.5 protein in normal brain tissues, low-grade astrocytomas, and high-grade astrocytomas were 12.7±2.1, 24.1±3.3 and 64.3±5.9%, respectively. The differences among the groups were statistically significant ( Fig. 1D and E) .
Localization of nNav1.5 protein in the U251 cells.
As observed under confocal microscopy, nNav1.5 protein was expressed in the nucleus, cytoplasm and membrane ( Fig. 2A ) of U251 cells, which was consistent with the results of the immunohistochemistry assay (Fig. 1C) . P<0.05 compared with the normal brain group and low-grade group with one-way ANOVA test and Student's t-test for multiple comparisons). nNav1.5, neonatal Nav1. 5. nNav1.5 siRNA significantly inhibits the expression of nNav1.5 in U251 cells. Twenty-four hours after siRNA transfection, the relative expression level of nNav1.5 mRNA was 0.978±0.043 in the blank group, 0.968±0.071 in the control group, 0.418±0.044 in the siRNA-1 group, 0.930±0.054 in the siRNA-2 group and 0.772±0.086 in the siRNA-3 group, respectively (Fig. 2B) . The transfection efficiency was the highest in the siRNA-1 group compared with the siRNA-2 and siRNA-3 groups. Compared with the blank and control groups, statistically significant differences were found in the siRNA-1 group and siRNA-3 group (Fig. 2B) , with a reduced nNav1.5 mRNA expression level by 57.2 and 21.0%, respectively. For the siRNA-2 group, the difference was not statistically significant (Fig. 2B) . The difference between the control group and blank group was also not statistically significant (Fig. 2B) .
To further verify the interference effect of the 3 synthesized siRNAs on nNav1.5 protein expression, the protein levels in the U251 cells were measured 48 h after transfection (Fig. 2C) . As shown in Fig. 2D , in the siRNA-1 group the relative nNav1.5 protein level was 18.6±3.3%, which was significantly lower than 49.2±4.2% in the siRNA-2 group and 30.9±4.5% in the siRNA-3 group. The expression level of nNav1.5 protein in the U251 cells 48 h after transfection with siRNA-1 was consistent with the nNav1.5 mRNA expression level at 24 h (Fig. 2B and D) . These data indicated that the nNav1.5 expression in U251 cells was efficiently inhibited 24 h after transfection with siRNA, and siRNA-1 was selected for the subsequent cellular experiments. 
nNav1.5 siRNA inhibits the in vitro proliferation of U251 cells.
In the MTT proliferation assay, the CCK-8 assay was utilized to detect changes in the in vitro proliferation of U251 cells after transfection. As shown in Fig. 3 , the OD values of the siRNA group at each time point were statistically significantly different when compared with those of the control group and blank group. The inhibition rates of siRNA-1 were 22.7% at 24 h, 36.9% at 48 h, 36.4% at 72 h and 32.7% at 96 h, respectively. The inhibition of cell proliferation peaked at 48 h, and the interference effect of the siRNA weakened over time. These data suggest that the proliferation of the U251 cells was significantly inhibited by siRNA interference of SCN5A/ nNav1.5 expression.
nNav1.5 siRNA reduces the migratory ability of U251 cells. The wound healing assay (Fig. 4A) revealed that the distance of migration of the cells in the siRNA group at 24 h (0.019±0.015 mm) was significantly shorter than the distances in the blank group (0.223±0.031 mm) and control group (0.190±0.027 mm), and the differences were statistically significant (Fig. 4B) . Compared with the control group, the migration distance in the siRNA group was decreased by 91.6%. nNav1.5 siRNA inhibits the invasiveness of U251 cells. The Matrigel invasion assay (Fig. 5) showed that the invasion index of the U251 cells in the siRNA group (2.99±0.15%) was significantly lower than the indices in the blank group (6.77±0.26%) and control group (6.60±0.33%). The cell invasiveness in the siRNA group was decreased by 55.83% compared with the invasiveness of the blank group. nNav1.5 siRNA promotes the apoptosis of U251 cells. U251 cells were harvested 72 h after transfection to measure the apoptotic rates. As shown in Fig. 6 , the apoptotic rates were 21.66±1.55, 5.71±0.42 and 6.54±0.86% in the siRNA, blank and control groups, respectively. The apoptotic rate was significantly lower than that in either the blank group or the control group.
Discussion
Astrocytoma is the most common primary CNS malignant tumor and is frequently infiltrative and recurs easily, with poor patient prognosis (15) . Treatment for astrocytoma involves combined therapies including surgery, chemotherapy, radiotherapy and immunotherapy. However, the outcome of astrocytoma is still dismal. Currently, progress in immunotherapy holds hope for the treatment of astrocytoma and has become a promising option (16) (17) (18) . Thus, it is necessary to search for new therapeutic targets for astrocytoma.
Studies have found that various ion channels, including Na + , K + , Cl -and Ca 2+ are widely distributed in the membrane structures of astrocytoma cells. These channels not only play important roles in various physiological activities such as growth and metabolism in glial cells (19) , but also in cell cycle regulation, proliferation, metastasis, invasion and apoptosis of astrocytoma cells (8, (19) (20) (21) (22) (23) (24) (25) . VGSCs are mainly expressed in tumors of epithelial origin, and can participate in the biological behaviors of tumor cells, including direct spread, lateral movement, galvanotaxis, invasion and the secretory activity of the membrane (8, 26, 27) . In the present study, we proposed that various VGSC subtypes may be related to the occurrence and development of astrocytoma, and we carried out a series of assays to confirm this hypothesis. Our preliminary findings confirmed that Nav1.5 is widely distributed in the CNS. Therefore, we first cloned the complete sequence of the Nav1.5 gene expressed in human cortical neurons and identified its function (8) . The results showed that the SCN5A gene which encodes Nav1.5 in brain tissue is different than that in human cardiomyocytes, and they belong to two different subtypes. The former is a neonatal isoform (6, 7, 9, (28) (29) (30) (31) , namely nNav1.5 (neonatal Nav1.5), while the latter is a mature isoform. Our and various other studies suggest that the Nav1.5 subtype of VGSCs encoded by the SCN5A gene could potentially serve as a marker of tumor metastasis and as a therapeutic target (8, (10) (11) (12) 26, (30) (31) (32) (33) (34) (35) (36) . Recent studies have found that the functions of VGSCs may vary with changes in mRNA splicing (2) . Exon 6, located in the DI: S3 segment plays an important role in regulating development. The 5' neonatal isoform can be expressed at birth, while the 3' mature isoform is expressed later in development (37) . Our study confirmed that the nNav1.5 Na + channel is widely expressed in rat CNS (9, 28) . However, it is worth noting that the average expression level of nNav1.5 showed a downward trend as the age of the rats increased (7, 9, 27, 30) , indicating that it is mainly expressed in immature neurons or glial cells, further suggesting that the expression of nNav1.5 may be the result of the re-expression of an embryonic gene or oncogene.
As the power pump of cellular activity, Na + channels play an important role in maintaining the physiological activities of cells (38) (39) (40) . Several studies found that the Nav1.5 protein encoded by the SCN5A gene was mainly expressed in the cell membrane and cytoplasm of other tumors (32, 41) . In the present study, the expression levels of nNav1.5 mRNA and protein in astrocytoma and normal brain tissues were first assessed in detail. Furthermore, cytological immunofluorescence studies found that nNav1.5 protein was expressed in the nucleus, membrane and cytoplasm of U251 cells, while the immunohistochemistry also confirmed the expression of nNav1.5 in the various locations described above. However, its expression level in astrocytoma cells was significantly higher than that in brain tissues. With reduced differentiation of the astrocytoma nucleus, nNav1.5 expression became more significant. The levels of expression of SCN5A/nNav1.5 in high-grade astrocytoma with a low degree of differentiation and in the low-grade astrocytoma with a high degree of differentiation were also significantly different, suggesting that the expression level of nNav1.5 is positively correlated with the degree of malignancy. The expression of nNav1.5 protein in cell nuclei suggested that the VGSC isoform nNav1.5 may play an important role in the processes of tumor cell division and malignant proliferation. These data revealed upregulation of nNav1.5 expression in astrocytoma and a positive correlation with pathological grade. These findings further suggest that nNav1.5 encoded by the SCN5A gene may be the re-expression of an embryonic gene or oncogene that could be a novel diagnostic or therapeutic target for astrocytoma. Moreover, no study concerning the regulation of nNav1.5 in the occurrence and development of astrocytoma has been reported to date. To further understand the specific role of nNav1.5 in the occurrence and development of astrocytoma, RNAi technology was used to knock down the expression of the SCN5A/nNav1.5 gene in U251 cells. Effective transfection of the cells and significant inhibition of nNav1.5 mRNA and protein expression were observed, indicating that the RNAi interference sequence specifically inhibited the expression of nNav1.5. After RNAi knockdown, suppressed expression of nNav1.5 inhibited proliferation, reduced migration and invasiveness, and induced a higher apoptosis rate compared with the blank and negative control groups, indicating that the downregulation of nNav1.5 expression significantly inhibited the proliferation, migration and invasion of U251 cells and played a significant role in promoting tumor cell apoptosis. Therefore, nNav1.5 has the potential to be a novel molecular therapeutic target for astrocytoma, with great significance in cancer prognosis and clinical treatment, although the mechanism remains unclear. According to a recent report, VGSCs most likely enhance the invasion and metastatic behavior in tumor cells through three types of regulatory mechanisms: pH adjustment, regulation of gene expression and intracellular Ca 2+ regulation (42) . It has been reported that Na + influx can promote the proliferation of cancer cells. If a spontaneous Na + influx occurs in the early proliferative phase, controlling the external concentration of Na + could effectively inhibit cell proliferation (43) . Another study revealed that the Nav1.5 and Nav1.7 subtypes are found in endothelial cells of the human umbilical vein, and the inhibition of Nav1.5 expression in these cells by RNAi inhibited cell proliferation (44) . However, in the prostate cancer Mat-Lylu cell line and breast cancer MDA-MB-231 cells with high metastatic potential, VGSC activity was not related to cell proliferation (11, 45) . These differences may be due to differences between the cell types.
In summary, the nNav1.5 encoded by the SCN5A gene was functionally highly expressed in human brain astrocytoma, and the expression levels were correlated with the degree of malignancy. Following downregulation of its expression level, the proliferation, migration and invasion of the astrocytoma cells were significantly inhibited, and their apoptotic rate was markedly increased. However, the underlying mechanisms are still unclear and further investigation is needed. To our knowledge, this is the first study to detect the expression and function of nNav1.5 in astrocytoma.
